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I In nt tr ro od du uc ct ti io on n
Wilhelm Roentgen discovered X-rays in 1895 and shortly thereafter its usage in cancer patients was documented [1] . In the 20 th century, rapid development of radiation treatment methods brought awareness of its side effects. Maria Sk³odowska-Curie helped to introduce the use of radiation in medicine; nevertheless, she died almost certainly of radiation-induced leukaemia. The first experimental reports of the possible carcinogenic effects of ionising radiation appeared in the second decade of the 20 th century, and the first radiationinduced sarcomas in humans were documented in the early 1920s [2] .
Today, radiotherapy is commonly used. Moreover, exposure to X-rays is increasing due to progress in interventional radiology as well as the widespread use of computed tomography (CT). About 60 million CT examinations were performed in the United States in 2005, which is three times more than 10 years earlier. Theoretical calculations indicate that as many as 1.5-2% of neoplasms could be caused by radiation doses during CT examination [3] . Among brain tumours, which are believed to be caused by irradiation, the most frequent are meningiomas, gliomas and sarcomas [4] . Radiation-induced meningiomas (RIMs) have usually been reported as a later consequence of prior low-or high-dose radiotherapy. In the present study, we attempted to determine the distinct features of radiation-induced tumours of meninges with an emphasis on clinical and histopathological aspects. The study group consisted of seven RIMs and one fibrosarcoma arising from meninges. We decided to include the last case in the study because it represents the same clinical problem and aetiopathogenesis.
M Ma at te er ri ia al l a an nd d m me et th ho od ds s
The personal files of 433 patients operated on for intracranial meningeal tumours between 2000 and 2008 have been retrospectively reviewed. Eight patients (2%) developed tumours that met the criteria of radiationinduced neoplasms. These tumours were qualified as postradiation ones according to the adapted Cahan's criteria: the tumour had to arise at least several years after irradiation within the irradiated area and had to be histologically distinct from the previously treated tumour [2] . Among these 8 patients, there were 4 women and 4 men, aged between 28 and 67 (mean, 43). The patient's age at radiotherapy ranged from 2 to 31 years (mean, 19) . The post-radiation tumours were diagnosed from 7 to 36 years after radiation treatment (mean, 24). Prior radiotherapy was applied to head (7) or neck neoplasms (1) including orbit rhabdomyosarcoma (2), hypophyseal adenoma (1), medulloblastoma (1), oligodendroglioma (1), anaplastic astrocytoma (1), unverified pineal region tumour (1), and thyroid neoplasm (1) . The patient after thyroid gland irradiation had two tumours: foramen magnum meningioma and acoustic schwannoma. Cranial base location suggested a possible relationship between these tumours and previously administered radiation therapy.
In all cases, high-dose irradiation was used: X-ray radiotherapy in 3 and Co-60 radiotherapy in 5 patients. All the patients had solitary post-radiation meningeal tumours, but two of them had other coexisting neoplasms in the irradiated area (vestibular schwannoma -1, basocellular carcinoma -1; see Fig. 1F, H, I ).
Each intraoperative difficulty and postoperative complication was analysed as possibly related to post-radiation changes. Early results were evaluated according to the Glasgow Outcome Scale (GOS) and the long-term C Co on nc cl lu us si io on ns s: : Radiation-induced tumours of the meninges show certain characteristic histopathological features, which may promote invasiveness of the tumour and higher risk of malignancy.
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S S³ ³o ow wa a k kl lu uc cz zo ow we e: : guz popromienny, oponiak, w³ókniakomiê -sak, radioterapia.
Post-radiation meningeal tumours results according to the Karnofsky Performance Scale (KPS). Based on ambulatory records and telephone surveys, reliable follow-up data were obtained in all patients. Postoperative follow-up ranged from 10 months to 9 years (mean, 4.4 years). In the group of 7 pa tients with meningiomas, follow-up ranged from 2.5 to 9 years (mean, 4.9). Demographic data, previous treatment, presenting symptoms and tumour location are detailed in Table 1 and in Figures 1 and 2. Histological studies were performed on eight secondary radiation-induced meningeal tumours including 7 cases of meningiomas and 1 case of fibrosarcoma. The formalin-fixed, paraffin-embedded biopsy specimens were routinely stained with haematoxylin-eosin (H&E) and silver impregnation for reticulin. Immunohistochemical analysis was performed on selected paraffin-embedded specimens according to the labelled streptavidin-biotin complex method (ABC) with DAB as chromogen, using antibodies against epithelial membrane antigen (EMA), vimentin and S-100 protein (all antibodies from Dako). The proliferation index was evaluated using antibody against MIB-1 antigen (monoclonal antibody, clone MIB-1, 1 : 100; Dako). R Re es su ul lt ts s S Su ur rg gi ic ca al l t tr re ea at tm me en nt t All secondary tumours were removed microsurgically. In the patient with post-radiation foramen magnum meningioma and vestibular schwannoma, both tumours were resected during the same procedure. Removal of the complete tumour with dural attachment was achieved in 4 cases (Simpson grade I). In three patients, the tumour was removed followed by coagulation of the dural attachment (Simpson grade II). In the case of petrous apex meningioma infiltrating cavernous sinus, a subtotal excision was performed (Simpson grade IV). This patient was reoperated on because of rapid tumour progression toward the middle and the posterior cranial fossa 1.5 years later. During the second procedure, Simpson grade II resection was achieved and thereafter stereotactic irradiation was given.
Simpson grade II resection was carried out in the patient with meningeal fibrosarcoma. Afterwards, the patient was referred to an oncologist but was not qualified for supplementary irradiation due to the prior use of a maximum dose of irradiation. P Po os st to op pe er ra at ti iv ve e c co om mp pl li ic ca at ti io on ns s
The postoperative course was uneventful in two patients only. Both patients were discharged home in good condition (good recovery according to GOS; see Table 1 ). In the remaining 6 (75%) cases the postoperative course was complicated. The complications included liquorrhoea (2), long-lasting consciousness deterioration due to venous thrombosis (1), deep hemiparesis due to bleed ing into the tumour bed (1), aphasia due to brain oedema (1), deep hemiparesis after resection of the petrous apex meningioma infiltrating the brain stem peduncle (1), paresis of the lower cranial nerves (1) and ophthalmoplegia due to manipulation (1) . A complicated postoperative course was noted after each procedure in the patient who was operated on twice for petrous apex meningioma. The outcomes in these patients at the time of discharge, based on GOS scores, were as follows: good recovery -2 patients; moderately disabled -1 patient; severely disabled -3 patients.
H Hi is st to op pa at th ho ol lo og gy y o of f r ra ad di ia at ti io on n--i in nd du uc ce ed d t tu um mo ou ur rs s Most radiation-induced meningiomas (5 cases) were benign, including various histological subtypes: transitional (1 case), combined transitional/psammomatous (1 case), fibroblastic (1 case) and psammomatous (2 cases), all corresponding to WHO grade I. The transitional meningioma showed typical whorls of neoplastic cells accompanied by the presence of numerous collagenised vessels. In the transitional/psammomatous case, focal infiltration along the fibres of the dura mater was documented (Fig. 3A) . The fibroblastic meningioma consisted of fusiform, spindle cells accompanied by an abundance of intercellular collagen deposition and advanced focal fibrosis. Two psammomatous meningiomas exhibited numerous psammoma bodies and one of them was heavily mineralised with masses of calcifications. In these secondary benign meningiomas of various histological patterns, the focal increase of cellularity, pleomorphism of nuclei and a few mitotic figures could be seen (Fig. 3B) . The studies on proliferative activity of meningothelial cells showed a relatively low MIB-1 labelling index, but its focal increase was encountered. It was possible to evaluate the microscopic evidence of brain invasion in one case of psammomatous meningioma only. The neoplastic tissue displayed adherence to the pia with focal invasion of its surface and infiltration of the underlying brain parenchyma with reactive astrogliosis (Fig. 3C) .
Two cases of secondary meningiomas corresponded to a higher grade of malignancy. One case was diagnosed as meningioma WHO grade II. This tumour displayed heterogeneous morphology with two different histological patterns: one consisted of meningotheliomatous areas and the other displayed chordoid components with typical ribbons of epithelioid cells (Fig. 3D) . Only one case of radiation-induced meningiomas was diagnosed as anaplastic meningioma, WHO grade III. This meningioma revealed histological features of malignancy including cytological atypia, necrosis, marked mitotic activity and high MIB-1 labelling index (Fig. 3E) . One case of meningeal tumour was recognised as a high grade sarcoma. The compact interlacing bundles of spindle cells were arranged in a fascicular 'herringbone' pattern typical for fibrosarcoma (Fig. 3F) . The tumour was mitotically active and exhibited an abundance of pericellular reticulin fibres. Immunohistochemically, the neoplastic cells were positive for vimentin but negative for EMA and S-100 protein. The tumour extend- The mean latency period for meningiomas was 27 years, and for fibrosarcoma was 7 years. The mean latency period for meningiomas in patients irradiated before their 20 th birthday was 21 years and in older patients 33 years.
F Fo ol ll lo ow w--u up p
Two patients died in the follow-up period. One patient died of massive fibrosarcoma regrowth without distant metastases 10 months after surgery. The other patient died following status epilepticus and persistent vegetative status 2.5 years after surgery for benign meningioma. The last MRI examination performed 2 years after surgery revealed no signs of tumour recurrence.
In the six survivors, follow-up ranged from 3 to 9 years (mean, 5.3) and in all patients the KPS scores were satisfactory (80 -1 patient; 90 -3 patients; 100 -2 patients). In three of them, significant withdrawal of the neurological deficit was observed. At the last follow-up imaging examinations, 5 of 6 survivors had no regrowth. In the patient who was operated on twice and irradiated for petrous apex meningioma (WHO grade II), the follow-up MRI taken 2.5 years after reoperation revealed regrowth of the tumour.
One patient developed basal cell carcinoma of the eyelid in the irradiated area 31 years after irradiation and 4 years after secondary meningioma resection (Fig. 1F) . The new tumour was successfully removed and the patient fully recovered. Now, 9 years after resection of anaplastic meningioma, she is stable without tumour recurrence.
D Di is sc cu us ss si io on n
Carcinogenesis can be a rare and delayed side effect of radiotherapy. RIMs are thought to be caused mostly by high-dose radiotherapy [6] [7] [8] [9] [10] . However, low-dose irradiation used in the past for tinea capitis or even doses of 1-2 Gy are proven risk factors [11] [12] [13] [14] . The risk of meningioma in irradiated subjects is 6-10 times higher than in non-irradiated ones [12] . The assessment of actual epidemiology of RIMs is difficult for many reasons. The problem is not only associated with the use of radiation treatment. It must be remembered that patients are also put at risk by the diagnostic use of X-rays. Dental X-ray machines used in the past delivered a dose of 1-3 Gy to the skin per session. It has been documented that such serial full-mouth X-rays increased the risk of meningioma [15] . Nowadays, the potential risk is associated primarily with the development and widespread use of CT and also interventional radiology techniques (e.g. multiple therapeutic and follow-up angiography sessions) [16, 17] . Radiological examinations in many cases seem to be misused [18] . Therefore, the incidence of RIMs will probably continue to grow in the future [4, 8] . Brenner estimates that approximately 65 million adult and 5 million paediatric CT studies are carried out per year in the USA and about 1/3 of them are unnecessary or could be replaced by other methods [19] .
C Cl li in ni ic ca al l c co on ns si id de er ra at ti io on ns s
As compared to spontaneous meningiomas, our limited series confirmed the well-known characteristics of RIMs: younger age and no marked female preponderance [6] . Similarly to other series [9, 20, 21] , RIMs were diagnosed after a mean latency period exceeding 20 years. The mean latency period for meningiomas was 27 years, and for meningeal fibrosarcoma was 7 years. Our data seem to confirm that the shorter latency period may be related to younger age at irradiation (see Table 2 ) [6, 10] .
Post-radiation tumours of meninges exhibit a more malignant nature than spontaneous meningiomas [6, 8, 21] . In the series of Al-Mefty et al. [20] post-radiation meningiomas of WHO grade > I were found in 38%, and the recurrence rate was 100%. In our series, three (38%) tumours were in WHO grade > I, and recurrence was observed in 25% during a mean follow-up of 4.4 years. However, satisfactory long-term outcome without tumour recurrence was noted in 5 (63%) patients only.
Multiple occurrence of RIMs is often reported [6, 8, 9, 20, 22] but this was not confirmed in the present series. Nonetheless, in two (25%) patients, other secondary tumours coexisted in the irradiated area: schwannoma and basal cell carcinoma. Schwannomas are rarely reported as radiation-induced [23] , while basal cell carcinomas are known as the most frequent post-radiation scalp tumours [24] . These observations lead to the conclusion that patients following head irradiation are at risk of various secondary neoplasms, which may arise in different time periods. Therefore, these patients need long-term surveillance even after the successful treatment of RIM. P Pa at ti ie en nt t' 's s L La at te en nc cy y A Ag ge e a at t P Po os st t--r ra ad di ia at ti io on n t tu um mo ou ur r, , i in ni it ti ia al ls s
[ [y ye ea ar rs s] ] p pr re es se en nt ta at ti io on n W WH HO O c cl la as ss si if fi ic ca at ti io on n a an nd d a ag ge e o of f p po os st t--r ra ad di ia at ti io on n a at t r ra ad di io ot th he er ra ap py y t tu um mo ou ur r Cahan's criteria for diagnosis of radiation-induced tumour were developed in 1948 and since that time there have been many remarks on them [2, 25] . The time criterion is worth mentioning, because there were many reports on secondary tumours that appeared earlier than 5 years after radiotherapy. This group also includes meningiomas [26] . Therefore, the revised criteria, developed by Murray et al. [25] , do not comprise a time interval condition. The criterion that the secondary tumour must arise in the irradiated field needs special consideration. In the light of the recent research of Claus et al. [27] the risk of meningioma is significantly elevated in patients who underwent radiation therapy for thyroid cancer. This suggests that regions in the vicinity of the directly irradiated field are also at risk. P Po os st to op pe er ra at ti iv ve e c co om mp pl li ic ca at ti io on ns s
In this small series, the risk of various postoperative complications was 75% per patient and 78% per procedure. In contrast, the overall rate of postoperative complications in surgery of incidental convexity meningiomas is currently about 10% [28, 29] . Not all complications are related to post-radiation changes. Four of 8 tumours were located in the cranial base. At least transient cranial nerve paresis occurs relatively often in that location. We had two such cases. In one case, transient paresis of the lower cranial nerves occurred after removal of two cranial base tumours during the same surgery. In the other case, ophthalmoplegia appeared after partial removal of petrous apex meningioma invading the cavernous sinus. In this case, there was no clear tumourbrain interface. On the other hand, in our opinion, the thickening of the arachnoid, as was seen in this case, is often found in areas previously irradiated. It could be a possible cause of difficulties in finding the correct dissection plane [30] . The question arises whether thickening of the arachnoid membrane is a manifestation of post-radiation changes or is a response to more aggressive tumour behaviour. Significant thickening and adhesions of the arachnoid were identified in five cases and in two of them symptomatic brain oedema occurred postoperatively. In cases of benign meningiomas, thickening and adhesions were found in 2 of 5 cases. Among the more aggressive tumours (WHO grade > I and fibrosarcoma), thickening of the arachnoid and at least local subpial infiltration were noted in all three cases. Our series is not large, so we cannot reach a conclusion; nonetheless both mechanisms may play some role. Alvernia et al. [31] noted that the problems with finding the safe dissection plane during meningioma resection are not always related to the higher tumour grade [31] .
The other reported complications such as liquorrhoea or bleeding into the surgical bed can occur after any brain surgery, but radiation-induced damage of skin and connective tissues could also promote them [32] .
H Hi is st to op pa at th ho ol lo og gi ic ca al l c co on ns si id de er ra at ti io on ns s
The majority of radiation-induced tumours in our series appeared to be benign meningiomas of various types, assigned as WHO grade I. This is in agreement with other reports documenting that RIMs of benign morphology are the most frequent types in the adult population [20, 22] . Most RIMs revealed features similar to spontaneous benign meningiomas; some peculiar histopathological characteristics could be identified, however, including areas of hypercellularity, single mitoses or focal increase of MIB-1 labelling index. However, these features were insufficient to fulfil criteria for the diagnosis of higher grade meningiomas. These features might also be encountered in common classical meningiomas of corresponding subtypes; thus, the earlier suggestion that radiation-associated cerebral meningiomas can be defined as 'a separate nosological subgroup' [33] seems to be not sufficiently supported. It ought to be mentioned, however, that most RIMs despite their low grade histology might exhibit a tendency towards more aggressive biological behaviour compared with sporadic cases.
Meningiomas of higher grade (II and III) were established in two cases and represented about 38% of all reported cases, which is similar to data published elsewhere [20] .
A second neoplasm other than meningioma was encountered in one case and diagnosed as fibrosarcoma with typical histopathology [34, 35] . The meningeal fibrosarcoma described by us mimicked meningioma in imaging studies. Fibrosarcoma is an extremely rare intracranial tumour. In the series of Paulus et al. [34] of 25,000 brain tumour biopsies, this type of neoplasm was diagnosed in one case only.
Fibrosarcoma arises in the meninges from meningothelial cells [36] and is usually linked with poor prognosis because of the high risk of local relapse and systemic metastases even after aggressive multimodal treatment [35, [37] [38] [39] [40] . According to the literature, the survival time is usually shorter than one year [35] . Despite its rarity, the occurrence of these tumours in previously irradiated patients is well known. The latency period is, as a rule, much shorter than for post-radiation meningiomas [36, 37] . Aydin et al. [41] described a case of rapidly growing supratentorial fibrosarcoma as short as 15 months after treatment of medulloblastoma. In the case described by us, the latency period was seven years and was almost four times shorter than for meningiomas. The optimal treatment of fibrosarcoma is complete surgical removal followed by radiotherapy and, optionally, chemotherapy [42] . However, multimodal treatment is usually hampered in radiationinduced tumours because radiotherapy options have been exhausted before. The fibrosarcoma in our patient had arisen from the dura covering the tumour bed after a previously treated glioma (Fig. 2) . The primary tumour was oligodendroglioma (WHO grade II). Okeda et al. [36] gave attention to two cases of fibrosarcoma which grew out of the site of a previously irradiated high grade glioma. However, in both cases the sarcoma appeared very quickly, i.e. within one year following irradiation, and adhered to the re-growing glioblastoma.
C Co on nc cl lu us si io on ns s 1. Radiation-induced tumours of the meninges show certain characteristic histopathological features, which may promote invasiveness of the tumour and higher risk of malignancy. 2. It seems that the surgery for postradiation meningiomas may be associated with a higher risk of postoperative complications.
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